Multireference complete active space self-consistent-field ͑CASSCF͒ and multireference CASSF second-order perturbation theory ͑MSCASPT2͒ calculations were performed on the ground state and a number of low-lying excited singlet and triplet states of chlorobenzene. The dual phosphorescence observed experimentally is clearly explained by the MSCASPT2 potential-energy curves. Experimental findings regarding the dissociation channels of chlorobenzene at 193, 248, and 266 nm are clarified from extensive theoretical information including all low-energy potential-energy curves.
I. INTRODUCTION
Aryl halides play an important role in chemical synthesis and are of practical significance to environmental protection. 1, 2 The properties of their excited states have also received attention in both experimental [3] [4] [5] [6] and theoretical [7] [8] [9] [10] studies. Takemura et al. observed dual phosphorescence of chlorobenzene ͑ClBz͒ in a rigid glass solution. 11 They confirmed that the dual phosphorescence consists of a broad peak with a maximum at about 480 nm and a somewhat structured peak with a maximum near 400 nm. The two features correspond to short-lived and long-lived emission, respectively. Their observed lifetimes are 3Ϯ0.4 and 12Ϯ2 ms, respectively. 11 They assigned the slow phosphorescence to a S 0 ←T(,*) transition, and the predominant fast phosphorescence to a T(,*) state. 12 Nagaoka et al. 7 studied the lowlying triplet states of ClBz by Hartree-Fock ͑HF͒ calculations, and they assigned the slow phosphorescence to the transition from the first T-A 1 state to the S 0 state, and the fast phosphorescence to the transition from the second T-B 1 state to the S 0 state. Rubio-Pons et al. 13 calculated the lifetime of its lowest triplet state using the complete active space self-consistent-field ͑CASSCF͒ method. However, they did not provide high-quality potential-energy curves ͑PECs͒ for the ClBz ground and excited states. Here we present PECs of the ground and several low-lying excited singlet and triplet states from multireference CASSCF second-order perturbation theory 14 ͑MSCASPT2͒ calculations. These curves are important for clearly understanding the dual phosphorescence of ClBz. The interpretation of the experimental results in terms of two low-lying triplet states is further supported by the present calculations. This is one of the objectives of this work.
Experimentally, the photodissociation dynamics of ClBz has been studied at 266 nm by femtosecond pump-probe spectroscopy 5 and crossed laser-molecular-beam technique. 15 Experiments have also been published for excitations by an excimer laser at 248 ͑Ref. 16͒ and 193 nm. 16 -18 It was concluded from these experimental studies that the photodissociation of the C-Cl bond in ClBz following a 193-nm excitation takes place through three different dissociation channels with probabilities of similar magnitudes. The first channel was assigned to a direct dissociation or very fast predissociation, the second channel is via vibrationally excited triplet levels, and the third dissociation channel is via highly excited vibrational levels of the ground electronic state ͑hot molecules͒. The photodissociation of ClBz at 248 nm was proposed to occur dominantly via the second and third of the above-mentioned channels. The photodissociation at 266 nm has been given alternative explanations. On one hand, it was proposed to be due to a hot molecule mechanism by Wang et al. 15 On the other hand, Kadi et al. 5 assigned it to the decay of an initially excited ͑,*͒ state to a repulsive triplet (n,*) state due to spin-orbit coupling, and they observed its time constant to be 1 ns. 5 The experimental explanation of the photodissociation channels of ClBz must thus, in many ways, still be regarded as tentative. For example, we still do not know if the first channel at 193 nm is due to direct dissociation or fast predissociation, or which specific states contribute to the photodissociation at the longer wavelengths.
High-quality calculated PECs can provide much useful information for a detailed understanding of the dissociation dynamics following excitation at a specific wavelength. The main objective of this paper is therefore to provide accurate a͒ Author to whom correspondence should be addressed. Electronic mail: sten.lunell@kvac.uu.se calculated PECs to enable a clear and detailed explanation of the photodissociation mechanism of ClBz at different wavelengths. Besides our recent theoretical study of the aryl halide photodissociations at 266 nm, 10 Nagaoka et al. calculated the PECs of some low-lying triplet states of ClBz by the HF method. 7 We have not found any calculated PECs of ClBz pertinent to the photodissociation experiments conducted at 248 and 193 nm, although it has been suggested that accurate calculations of higher excited electronic states could be useful to clarify experimental findings for ClBz. 19 Investigating a larger number of excited states allows us to consider changes in the photodissociation behavior for initial photoexcitations using higher-energy photons, adding another dimension to our recent aryl halide studies that focused on substitution effects for the low-energy photodissociation channels. 9, 10 In these works, the MSCASPT2 method was used to calculate vertical excitation energies (T v ), and PECs of ground and excited states.
This paper is organized in such a way that we first describe the methods and results of the quantum-chemical calculations before broadening the discussion to comparisons with experimental observations and previous theoretical calculations on the phosphorescence and photodissociation of ClBz.
II. COMPUTATIONAL METHODS
Most calculations were performed using the MOLCAS 5.4 quantum-chemistry software. 20 Atomic natural orbital ͑ANO͒ basis sets 21 were used for all the atoms. C(10s6 p3d), H(7s3p), and Cl(13s10p4d) are contracted to (3s2 p1d), (2s1p), and (4s3 p2d), respectively. The second-order Moller-Plesset perturbation theory ͑MP2͒ ͑Ref. 22͒ method with the 6-311ϩG(d, p) basis set 23 was used to calculate basis set superposition error ͑BSSE͒ corrected energies. These calculations were carried out using the GAUSSIAN 03 program. 24 The results have been checked for BSSE, which was found to be of negligible importance in this case.
The geometries of the ground and excited states were optimized using the CASSCF method. MSCASPT2 methods were then used to calculate the vertical excitation energies (T v ) of the three lowest-lying singlet and triplet states of every irreducible representation in the C 2v symmetry of the molecule. That is to say, 12 singlet and 12 triplet states were calculated. Of course, these states are not necessarily the 24 overall lowest-lying states. The PECs along the reaction coordinate described by the Cl-C 6 H 5 bond distance were calculated using the MSCASPT2 method for all these 24 states. The harmonic vibrational frequencies of the ground state were calculated using the CASSCF method. The same threshold and shift were used in the calculations of all the PECs. In the CASSCF calculations, 12 electrons were active. The active space included the six p orbitals of the phenyl ring, the and * orbitals of the C 1 -Cl bond, and the two remaining 3p orbitals of chlorine. The states average technique was used in the CASSCF T v calculations. The 1s cores of carbon and chlorine were frozen in the CASPT2 calculations.
III. RESULTS

A. Ground state
We used the CASSCF method to optimize the groundstate geometry of ClBz. The present result, the previous reported calculated results, 7, 10, 15 and the corresponding experimental fitted values 25 are listed in Table I . We also optimized the ground-state geometry of ClBz by CASSCF in Ref. 10 . Due to the use of an effective core potential basis set on the Cl atom in Ref. 10 , the optimized Cl-C 1 bond distance ͑1.778 Å͒ differs a little more from the experimental fitted value ͑1.742 Å͒. Cl is not a very heavy atom, so we used an ANO basis set here to get a better optimized geometry. From Table I , the CASSCF optimized ground-state geometry is seen to agree very well with the corresponding experimental fitted values.
The frequencies of the ClBz ground state have previously been calculated by the Becke-3-Lee-Yang-Parr, MP2, and CASSCF methods, 26 and the HF method. 27 However, as the symmetries of the vibrational modes were not indicated in Ref. 26 , we only compare the present CASSCF calculated result with the HF results in Ref. 27 and the experimental results; see Table II . The present CASSCF calculated vibrational ground-state frequencies agree well with the experiment both in magnitude and in the assignment of the vibrational modes. 28 -30 
B. Vertical excitation energies
The MSCASPT2 method was used to calculate the vertical excitation energy, T v , of the three lowest-lying singlet and triplet states of every irreducible representation in the C 2v symmetry of ClBz at its CASSCF optimized groundstate geometry. From the calculated results, we determined the seven lowest singlet and six lowest triplet states of ClBz to be S 0 -A 1 , S 1 -B 2 , S 2 -A 1 , S 3 -B 2 , S 4 -B 1 , S 5 -A 2 , and S 6 -A 1 , and T 1 -A 1 , T 2 -B 2 , T 3 -A 1 , T 4 -B 2 , T 5 -B 1 , and T 6 -A 1 , respectively; see Table III . For ease of notations, the other calculated five singlet and six triplet states are also denoted using consecutive subscript numbers in Table III , although these numbers may not necessarily reflect the actual order of the higher excited states. Due to the use of different basis sets and a better optimized ground-state geometry, the T v values and order in the present calculation are a little different from those in Ref. 10 . The errors in CASPT2 computed excitation energies are typically less than 0.3 eV. Table III .
C. CASPT2 potential-energy curves
High-quality PECs can help to provide a detailed understanding of phosphorescence and photodissociation mechanisms. This includes in particular the Franck-Condon region, which is of particular importance for much of the initial dynamics following photoexcitation. In order to study the changes in geometry of the phenyl ring for the excited states compared to the ground state, we optimized the geometries of several excited states of importance to the photodissociation processes ͑see Sec. IV͒. The geometries of S 1 -B 2 , S 3 -B 2 , T 1 -A 1 , and T 2 -B 2 excited states were all optimized using the CASSCF method with the Cl-C 1 bond fixed at 1.746 Å which is the CASSCF optimized Cl-C 1 bond distance of the ground state; see Table I . The optimized phenyl geometries of the ground and excited states are compared in Table IV . The ring geometries of both the singlet and the triplet excited states are similar to the S 0 -A 1 ground-state geometry. We also calculated the MSCASPT2 energies of these partially optimized excited states and compared these results to the vertical MSCASPT2 excitation energies, T v , 
MSCASPT2
Expt. for the corresponding states as calculated at the ground-state equilibrium geometry in Table IV . The resulting energy differences are less than 0.27 eV, which is less than the estimated CASPT2 error of 0.3 eV. 31 In agreement with Refs. 8 and 10, we thus conclude that optimizations of the excited states only lead to minor changes in both geometries and energies for the excited states. Moreover, optimizing the geometry of every point on the PEC of every excited state is very expensive at this high level of theory. In fact, it is nearly impossible for highly excited states. We therefore fixed the Cl-C 1 bond distance in steps of 0.2 Å from 1.346 to 4.046 Å and partially optimized the geometry of every point on the ground-state PEC by the CASSCF method. These geometries were subsequently used to calculate the MSCASPT2 energies of every point on the PECs of the ground and excited states, yielding MSCASPT2 PECs of the 24 states along the dissociation coordinate given by the C 6 H 5 -Cl bond; see Fig. 1 . The labels of all the states in Fig. 1 correspond to their T v values in Table III .
IV. DISCUSSION
A. The dual phosphorescence
In order to explain the ClBz phosphorescence, we focus on the PECs of the ground state and the low-lying triplet states. In Fig. 1 , there is an avoided crossing between the T 1 -A 1 and T 3 -A 1 states, the T 3 -A 1 and T 6 -A 1 states, as well as an avoided crossing between the T 2 -B 2 and T 4 -B 2 states. MSCASPT2 is one of the best methods currently available for calculating accurate potential-energy surfaces, 32 and the results can be used to diabatize the PECs of low-lying adiabatic states. To investigate the phosphorescence, we extracted the PECs of the ground and all the triplet states from Fig. 1 and drew them diabatically in Fig. 2. From Fig. 2 , all the triplet states are bound or quasibound states except the T 5 -B 1 state.
We optimized the geometries of T 1 -A 1 , T 2 -B 2 , and T 11 -B 1 fully by the CASSCF method; see Table V . From Fig. 2 and Table V, the CASSCF optimized geometries of the T 1 -A 1 , T 3 -A 1 , T 2 -B 2 , and T 4 -B 2 states are similar to that of the ground state. However, the CASSCF geometry of the T 11 -B 1 state has a Cl-C 1 bond distance of 2.577 Å, which is 0.822 Å longer than that of the ground state. We also used MSCASPT2 to calculate the transition energies (T e ) from the T 1 -A 1 , T 2 -B 2 , T 3 -A 1 , T 4 -B 2 , and T 11 -B 1 states to the S 0 state; see Table VI T 4 -B 2 states were obtained at the CASSCF optimized geometry of T 2 -B 2 state, and the T 11 -B 1 state T e value calculated at its CASSCF geometry are given in Table V. The first triplet state, T 1 -A 1 , is a bound ͑,*͒ state, and it is likely to be responsible for the slow component of the dual phosphorescence as its calculated T e value corresponds well to the experimentally observed position of the slow phosphorescence; 11 see Table VI . This conclusion is the same as the HF calculated result in Ref. 7 , and it agrees with the experimental prediction. 11 As stated in Ref. 7 , the second triplet state, T 2 -B 2 , is also a ͑,*͒ rather than a ͑,*͒ state. Moreover, according to the present calculations all the first four triplet states are ͑,*͒ states; see Table III. The first bound ͑,*͒ state included in Fig. 2 and Table  III is T 11 -B 1 . As mentioned above, it has a calculated Cl-C 1 bond distance of 2.577 Å, which is 0.822 Å longer than that of T 1 -A 1 state. This difference is about 0.6 Å in the HF calculation; see Table V . The present calculated T e value from the T 11 -B 1 state to the S 0 state is 2.68 eV, which is very close to the experimentally observed position of 480 nm ͑2.58 eV͒; 11 see Table VI . Therefore, we assign the T 11 -B 1 state to be responsible for the fast part of the dual phosphorescence. 11 The T 11 -B 1 state is the second T-B 1 state and is the same state that HF calculations assigned to the fast phosphorescence. 
B. Photodissociation channels of the low-lying excited states
The shortest excitation wavelength employed in the experiments was 193 nm ͑6.42 eV͒, and we therefore focus mainly on the excited singlet states with T v under or near 193 nm and the repulsive triplet states which are likely to interact with these singlet states. These are the S 0 -A 1 , S 2 -A 1 , S 3 -B 2 , S 4 -B 1 , and T 5 -B 1 states. There is one avoided crossing between S 1 -B 2 and S 3 -B 2 . We extracted the PECs of these states from Fig. 1 and drew them diabatically; see Fig. 3 . From Fig. 3 and Table III , S 1 , S 2 , and S 3 are bound ͑,*͒ states, whereas S 4 and T 5 are repulsive (n,*) states.
S 4 -B 1 , with 6.59-eV T v , is the highest singlet excited state that the photon of 193-nm ͑6.42 eV͒ wavelength used experimentally 16 -18 could reach. It is a repulsive state, which will dissociate directly on a very short time scale. 34 This direct dissociation should contribute to the fastest of the three channels observed in Ref. 16 . The CASSCF optimized geometries of the first three singlet excited states were listed in Table V . As shown in Fig. 3, S 3 -B 2 is a quasibound state with a barrier that blocks immediate dissociation. The energy gap between its saddle point and the minimum of the ground state is about 6.6 eV. It is possible that molecules excited with photons with a wavelength of 193 nm can overcome the predissociation barrier if the MSCASPT2 error of 0.3 eV is taken into account. If so, its lifetime will depend on the tunneling rate. This process would proceed as a so-called vibrational or Herzberg's type II predissociation. 35 This fast predissociation could then also contribute to the fastest dissociation channel as proposed in Ref. 16 . From Fig. 3 , the PEC of S 3 -B 2 crosses the repulsive (n,*) T 5 -B 1 state. The Cl-C 1 bond distance at the crossing point is about 1.82 Å. It is also about 0.2 eV lower than 193 nm. So, we assign the second experimentally observed channel as the intersystem crossing from the bound ͑,*͒ S 3 -B 2 state to the repulsive (n,*) T 5 -B 1 state. The complex will ultimately decay with a rate that depends on the coupling between the two electronic states. This is an electronic predissociation process, which is also called a Herzberg's type I predissociation. 35 The third photodissociation channel is slower than the first two channels 16 and was suggested to take place via internal conversion to highly excited vibrational levels of the ground state ͑hot molecule͒. 16 From Fig. 3 , it appears likely that the S 3 -B 2 state first undergoes internal conversion to the S 1 -B 2 state. The lowest vibrational state of S 1 is much closer in energy to the dissociation limit of S 0 , and thereby makes international conversion from S 1 to S 0 * more likely. This mechanism is compatible with the third observed photodissociation channel with lower rate.
The highest singlet excited state the photon with 248-nm ͑5.00 eV͒ 16 wavelength can reach is S 1 -B 2 , whose T v is 4.50 eV. S 1 is a bound ͑,*͒ state, which cannot dissociate by itself. However, the S 1 -B 2 state can undergo an intersystem crossing to the repulsive (n,*) T 5 -B 1 state. The Cl-C 1 calculated bond distance at the crossing point is about 2.02 Å. The energy gap between this point and the minimum of the ground state is about 5.0 eV. The complex will ultimately decay due to spin-orbit coupling between the two electronic states. So, the first channel of photodissociation of ClBz at 248 nm is the intersystem crossing from S 1 -B 2 to T 5 -B 1 , and it is a Herzberg's type I predissociation. 35 From Fig. 3 , the PEC of S 1 -B 2 also undergoes an internal conversion with the repulsive (n,*) S 4 -B 1 state. The Cl-C 1 bond distance at the crossing point is about 2.06 Å. The energy gap between this point and the minimum of the ground state is about 5.15 eV. If the 248-nm-wavelength photon used in the experiment overcomes this energy barrier, then the complex will ultimately decay by internal conversion. So, the first channel of photodissociation of ClBz at 248 nm is also possibly via the internal conversion from S 1 -B 2 to S 4 -B 1 . The second slower photodissociation channel observed experimentally is again possibly dissociation via the highly vibrational levels of the ground state, S 0 * . As discussed above, S 0 * could be produced by internal conversion from the S 1 state.
The 266-nm ͑4.66 eV͒ -wavelength photon can also reach the S 1 -B 2 state. As with the 248-nm excitation, this state cannot dissociate by itself. The PEC of S 1 -B 2 crosses to the PECs of T 5 -B 1 and S 4 -B 1 states. The photoexcitation energies required to reach these two crossing points are about 5.0 and 5.25 eV, respectively. The 266-nm ͑4.66 eV͒ -wavelength photon is unlikely to reach either of the two points, even considering an estimated error of 0.3 eV, just as we said before. 10 If the predissociation channels are out of reach, the only remaining photodissociation channel at 266 nm is again via the highly vibrational levels of the ground state, S 0 * , produced by the internal conversion from the S 1 state, as discussed above. Both Refs. 15 and 5 indicated that the photodissociation following 266-nm excitation is slow, even though the latter assigned it to the decay of an initially excited ͑,*͒ state to a repulsive triplet (n,*) state due to spin-orbit coupling.
V. CONCLUSIONS
In order to explain the dual phosphorescence and the photodissociation mechanism of chlorobenzene at 193, 248, and 266 nm, we calculated MSCASPT2 potential-energy curves of 24 singlet and triplet states. The bound ͑,*͒ T 1 -A 1 state is responsible for the slow part of the dual phosphorescence, and the bound ͑,*͒ T 11 -B 1 state will be responsible for the fast part of the dual phosphorescence. The photodissociation of chlorobenzene at 193 nm has three channels: ͑1͒ a direct dissociation of the repulsive (n,*) S 4 -B 1 state, or Herzberg's type II predissociation as the quasibound ͑,*͒ S 3 -B 2 state dissociates by tunneling, ͑2͒ Herzberg's type I predissociation arising from an intersystem crossing from the quasibound ͑,*͒ S 3 -B 2 state to the repulsive (n,*) T 5 -B 1 state, and ͑3͒ via highly vibrational levels of the ground state, which are produced from S 1 -B 2 state by internal conversion after its internal converting with the S 3 -B 2 state. For chlorobenzene photodissociation at 248 nm, there are two channels: ͑1͒ Herzberg's type I predissociation arising from an intersystem crossing from quasibound ͑,*͒ S 1 -B 2 state to repulsive (n,*) T 5 -B 1 state, or internal conversion from ͑,*͒ S 1 -B 2 state to repulsive (n,*) S 4 -B 1 state, and ͑2͒ via highly vibrational levels of the ground state, which are produced from S 1 -B 2 state by internal conversion. However, the photodissociation of chlorobenzene at 266 nm has only one channel, which is via highly excited vibrational levels of the ground electronic state.
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